Abstract We use a Generalized Additive Model (GAM) to provide the first winter sea ice concentration record from two cores located within the southwest Pacific sector of the Southern Ocean. To compliment the application of GAM, a time series analysis on satellite records of sea ice concentration data was used to extend the standard 13.25 year time series used for paleoceanography. After comparing GAM sea ice estimates with previously published paleo sea ice data we then focus on a new paleo winter sea ice record for marine sediment core E27-23 (59°37.1'S, 155°14.3'E), allowing us to provide a more comprehensive view of winter sea ice dynamics for the southwest Pacific Ocean. The paleo winter sea ice concentration estimates provide the first suggestion that winter sea ice within the southwestern Pacific might have expanded during the Antarctic Cold Reversal. Throughout the Holocene, core E27-23 documents millennial scale variability in paleo winter sea ice coverage within the southwest Pacific. Holocene winter sea ice expansion may have resulted from the Laurentide Ice Sheet deglaciation, increased intensity of the westerly winds, as well as a northern migration of the Subtropical and/or Sub-Antarctic Fronts. Brief consideration is given to the development of a paleo summer sea ice proxy. We conclude that there is no evidence that summer sea ice ever existed at core sites SO136-111 and E27-23 over the last 220 and 52,000 years, respectively.
Introduction
Sea ice is the most obvious expansive and seasonal geophysical parameter on the Earth's surface [Comiso, 2010] . The annual sea ice cycle of formation and retreat influences atmospheric and oceanic processes and therefore modulating the global climate [Dieckmann and Hellmer, 2010; Comiso, 2010; Brandon et al., 2010] . Sea ice exerts a significant influence on the radiative balance of the polar regions and acts as an insulator limiting ocean-atmosphere heat and gas fluxes [Comiso, 2010] . Reconstructing the historical and paleo environmental occurrence of sea ice is a key component of any effort attempting to understand past and future climatic change [Dieckmann and Hellmer, 2010] .
Diatom abundances are a well-established proxy for Southern Ocean sea ice, providing a means to obtain qualitative [Gersonde and Zielinski, 2000; Schneider-Mor et al., 2005] and quantitative estimates for winter (September) sea ice concentrations, as well as monthly sea ice cover [Crosta et al., 1998; Gersonde et al., 2005; Armand and Leventer, 2010] . Core SO136-111 (~56°S, 160°E) permitted the first quantitative reconstruction of paleo sea ice over the previous two climatic cycles, documenting glacial to interglacial sea ice advance and retreat during marine isotopic stages 6, 4, and 2 [Crosta et al., 2004] .
The paleo sea ice record derived from core SO136-111 has served as a benchmark for the establishment of new Southern Ocean sea ice proxies such as sea salt flux [Röthlisberger et al., 2010] , and iodide and iodate speciation deposited within an Antarctic ice core [Spolaor et al., 2013] . The signals recorded within proxy data can constrain hypotheses to be tested by climate models, while climate models can be evaluated by comparison of their output with proxy records. Comparisons between models and proxies provide an opportunity to study mechanisms that may have been important for past sea ice variability but may be of less significance in the modern day climate [Goosse et al., 2013] . Our paleo sea ice records at the locations of cores 155°E) provide paleo data against which new proxies and climate models can be validated. This paper applies a recently developed application of a Generalized Additive Model (GAM) [Ferry et al., 2015] to revise paleo sea ice estimates for core SO136-111. Ferry et al. [2015] concluded that GAM was the most robust method for estimating paleo sea ice as it had the lowest prediction error, was the least biased by spatial autocorrelation, and provided the most unbiased paleo sea ice estimates. In applying GAM to core SO136-111 we aim to compare GAM with the Modern Analogue Technique (MAT) of Crosta et al. [2004] , illustrating the broad consistency between the two methods, as well as the improvement GAM provides the paleo oceanographer.
As the diatom core top samples represent, on average, 1 kyr of sedimentation, it is important that the sea ice training data set excludes the effects of recent decadal climate change. Previous work used the 13.25 year satellite record of Schweitzer [1995] , which ends in December 1991, to exclude the effects of recent decadal climatic change. However, Armand and Leventer [2010] questioned whether the use of a 13.25 year satellite record of sea ice concentration data may be too short for computing an average sea ice concentration value that is representative of the sea ice climatology. We apply a time series analysis on sea ice concentration data to identify residual trends, defined as statistically significant increases or decreases in sea ice concentration over time that cannot be explained by climatic variables (for example, the El Niño-Southern Oscillation) or seasonal (and decadal) variations in sea ice concentrations. Excluding that portion of the satellite sea ice concentration record in which such trends can be identified may assist in the estimation of climatologically representative sea ice concentrations for our training data set.
We then provide the first paleo winter sea ice records for cores SO136-111 and E27-23, expanding the paleo sea ice record of the southwest Pacific sector of the Southern Ocean to include seasonality. We compare our sea ice records for the southwest Pacific sector with paleo sea ice records from the South Atlantic sector of the Southern Ocean [Bianchi and Gersonde, 2004; Divine et al., 2010] . Core E27-23, compared to core SO136-111, is located closer to the modern winter sea ice edge in a position that is more analogous to the Atlantic cores. Therefore, core E27-23 allows us to provide a more robust comparison between the paleo sea ice record from southwest Pacific and Atlantic sectors of the Southern Ocean over the last 15 kyr BP. Our focus then shifts to the southwest Pacific over last 15 kyr BP, focusing on the Antarctic Cold Reversal (ACR) and Holocene millennial scale climatic changes.
Methods

Training and Core Data Sets
We use 163 seafloor samples from the 243 samples present within the training database of Crosta et al. [2004] to estimate winter paleo sea ice concentrations (Figure 1) . Each of the seafloor samples documents the relative abundance of 32 diatom species. The original training data set included many open ocean samples used to estimate sea surface temperature; the inclusion of which, for the purposes of sea ice estimation, would have been redundant. We chose to exclude some samples to establish a more even sampling of the environmental gradient within our training data set [Telford and Birks, 2011] . Exclusion of samples was also carried out with respect to the spatial structure of our data so that no single geographic locality was overrepresented or underrepresented within our training set. Thus, our objective was to remove samples from a broad range of longitudinal and latitudinal bands in order to preserve spatial diversity. Sea ice concentration data were derived from the bootstrapped algorithm of Comiso [2000] and supplied by the National Snow and Ice Data Centre. Winter sea ice concentration (wSIC) was defined as the September average sea ice concentration . Sea ice concentration is defined as that fraction, or percentage, of ocean area that is covered by sea ice [Cavalieri et al., 1996] . All marine isotope stages (MIS) are defined according to Raymo [2005a, 2005b] . We define the extended Last Glacial Maximum (eLGM) as that period between 35 and 18 kyr B.P. [Newnham et al., 2007] , while the timing for the Antarctic Cold Reversal (ACR) is 14.2 to 12.5 kyr B.P. [Weber et al., 2014] .
Core SO136-111 [Crosta et al., 2004] was collected from 56°40'S, 160°14'E within the Emerald Basin and Polar Frontal Zone (southwest Pacific sector of the Southern Ocean) (Figure 1) . The core preserves a record of the last 200 kyr. However, as the core top is missing, the record of paleo sea ice cover ends during the late Holocene at 3 kyr B.P. Sediment core E27-23 was extracted from 59°37.1'S, 155°14.3'E from a water depth of 3182 m [Cassidy et al., 1977] . The core chronology is presented hereafter for the first time. Both cores are situated south of the Sub-Antarctic Front within the Antarctic Circumpolar Current (ACC), with E27-23 located closer to the modern winter sea ice edge than core SO136-111 (Figure 1 ).
Analysis of the Sea Ice Data Time Series
While Antarctic sea ice extent as a whole has been increasing over the last 35 years, it is still important to investigate sea ice behavior on a regional scale [Stammerjohn et al., 2012; Parkinson and Cavalieri, 2012; Massom et al., 2013; Simmonds, 2015] . We analyzed the satellite record separately for each sector (as defined by Gloersen et al. 1992] ) of the Southern Ocean. We applied an Auto Regressive Integrated Moving Average (ARIMA) model to the sea ice satellite record, sourced via the bootstrapped algorithm of Comiso [2000] , from November 1978 to December 2010. The ARIMA model was fitted using the forecast package for R, version 4.01 [Hyndman, 2014] . The input series (covariates) included within our ARIMA included the following: the multivariate El Niño-Southern Oscillation Index (MEI), the Southern Annular Mode (SAM), the Antarctic Oscillation (AAO), the average monthly CO 2 concentrations for Mauna Loa, the Total Solar Irradiance Index at Earth distance in W/m 2 (TSI), average monthly maximum temperatures, and the Southern Hemisphere Land-Ocean Temperature Index (LOTI).
AAO data were sourced from the National Oceanic and Atmospheric Administration's (NOAA) national weather service, climate prediction center. MEI is provided by the NOAA physical sciences division. TSI data are published by the University of Colorado, Boulder SORCE experiment. SAM data were compiled by the British Antarctic Survey, and month/yr average CO 2 was sourced from NOAA ESRI data.
We focused our analysis on two sea ice concentration data sets. The first represents a winter average sea ice concentration calculated from 13.25 years of satellite data, consistent with the methodology of Crosta et al. [2004] . The second sea ice concentration data set uses average sea ice concentrations calculated from an extended time series of satellite data. The exact temporal extent of the satellite data used is unique to each sector of the Southern Ocean and defined by our time series (ARIMA) modeling. [Sokolov and Rintoul, 2009] . Locations for the TALDICE and EPICA Dome C ice cores and marine sediment cores SO136-111, E27-23 (from the southwest Pacific), TN057-13PC4, PS2090/1094, and PS1654/1093 (from the Atlantic) are also indicated.
(Cores SK200/27 [Manoj et al., 2013] and MD07-3134 [Weber et al., 2014] , used to examine IBRD records, are identified.)
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Reconstruction Diagnostics
We compare the maximum recorded diatom abundances between our training set and the fossilized assemblages of marine sediment cores SO136-111 and E27-23. Hills N2 diversity index [Hill, 1973] was used to identify the effective number of occurrences for each diatom species within the training data set and therefore to identify species that may have poorly defined optima. Analog quality, and the presence of no analog samples for cores SO136-111 and E27-23, was explored with a squared chord distance and the five closest analogs. Regarding analog quality, those samples considered to have no analog had a distance greater than the 5th percentile of all distances computed between the training and core data sets, while samples with poor analogs had a distance between the 10th and 5th percentiles of all distances. Examination of analog quality, and the presence of no analog samples, not only is relevant for MAT but also is important to consider when applying all methods for the reconstruction of paleo sea ice. Sea ice estimations derived from all reconstruction methods on core samples with poor analogs need to be treated with caution. A canonical correspondence analysis constrained by wSIC was used to compute a squared residual length for the taxonomic distances between the winter sea ice axis and the samples within our training data set and the cores SO136-111 and E27-23. A core sample, with a squared residual length exceeding the 90th percentile for the squared residual lengths computed on the training set, is regarded as poorly fitted by winter sea ice concentrations [Hill, 1973; Birks et al., 1990] .
The Statistical Models Used
Our paleo winter sea ice data were estimated with a new application of GAM [Ferry et al., 2015] . The absence of diatom flux to the seafloor is considered to provide a proxy for permanent sea ice cover and, by extension, the presence of summer sea ice . We therefore examined the presence of diatoms recorded in each core to infer the potential presence of summer sea ice cover at the sites of core SO136-111 and E27-23. We used the statistical software PAST [Hammer et al., 2001 ] to apply MAT. We used the package mgcv [Wood, 2014] to apply GAM and rioja [Juggins, 2014] to apply the reconstruction diagnostics. Following Gloersen et al. [1992] and Gersonde et al. [2005] , we consider wSIC less than 15% to indicate no sea ice cover, 15 to 40% represents unconsolidated sea ice, and concentrations above 40% to represent consolidated winter sea ice. MAT estimates equal to or above an average of 1 month of sea ice coverage per year are regarded as an indicator for the presence of sea ice.
2.5. Material and Stratigraphy 2.5.1. E27-23 Chronology A chronostratigraphy for piston core E27-23 (59°37.1'S, 155°14.3'E, water depth 3182 m) was established principally from Accelerator Mass Spectrometry (AMS) radiocarbon dating. Samples of the planktonic foraminifer Neogloboquadrina pachyderma sinistral were ultrasonically cleaned in methanol and oven dried at 60°C prior to analysis. Twenty-six AMS 14 C measurements were made at the Australian Nuclear Science and Technology Organization (ANSTO) using the ANTARES accelerator facility [Fink et al., 2004] . The conversion of foraminiferal calcite to CO 2 at ANSTO used a reaction with 85% phosphoric acid. H2/Fe catalytic reduction then converted the gas to graphite [Hua et al., 2001] . A Micromass IsoPrime EA/IRMS at ANSTO measured δ 13 C from the graphite of each sample, with a range of À0.5 to À3‰. When sample sizes were too small to allow δ 13 C measurement to be made on the graphite, a value of 0% was assigned for the purposes of radiocarbon age calculation, consistent with the δ 13 C of foraminiferal calcite being close to that of seawater δ C measurements were discarded because they were outliers or presented age reversals (Appendix A: doi:10.4225/15/546C10AD26A7D). All remaining AMS dates were converted to calendar ages using the linear-based CALIB07 [Stuiver and Reimer, 1993] with calibration to the Marine13 data set [Reimer et al., 2013] at 95.4% confidence (2 sigma) and included a correction for the surface water reservoir age of 752 years at the site of core E27-23 resolved from the marine radiocarbon reservoir correction database and software available from http://radiocarbon.LDEO.columbia.edu/ [Butzin et al., 2005] . For comparison, we also used OXCAL 4.2 [Bronk Ramsey, 2009; Blaauw, 2010] , to calibrate the dates with the same curve and surface reservoir age and found <5 years difference between the calibrated ages for ages younger than 30 kyr B.P. The greatest calibration offset was 40 years at our only sample older than 35 kyr B.P. (Appendix B: PALEO SEA ICE OF THE SOUTHWEST PACIFICdoi:10.4225/15/546C10AD26A7D). For the sake of consistency with other palaeoceanographic records in this region, we have retained the CALIB07 calibrated AMS ages for the construction of our chronostratigraphy. Due to the nearly identical AMS dates obtained at 579 and 599 cm (13,020 and 13,029 cal years B.P., respectively) we have averaged the depths and ages to provide a single tie point (589 cm, 13,024.5 cal years B.P.) (Table 1) .
To supplement the 21 AMS calibrated ages, we also measured the oxygen isotopes (expressed as δ 18 O) on planktonic foraminifera N. pachyderma (sinistral; >150 μm). The foraminiferal samples were cleaned as described for the radiocarbon analysis above. Measurements of δ
18
O were made on a Finnigan MAT 251 isotope ratio mass spectrometer with an automated individual carbonate reaction ("Kiel") device at the Australian National University. The samples, weighing between 59 and 221 μg, were reacted with 105% phosphoric acid for 13 min at 90°C. Isotope values are reported as per mil (%) deviations relative to the Vienna Peedee belemnite (VPDB) (Appendix C: doi:10.4225/15/546C10AD26A7D) and calibrated via the National Bureau of Standards carbonate standard NBS-19. Analytical precision (2 sigma) for NBS-19 standards, run with these samples, was ±0.07 ‰ for δ 18 O and ±0.03 ‰ for δ 13 C (n = 39).
Three tie points for the deepest section of the core (849-949 cm) were used to correlate our δ 18 O record to the global composite benthic δ 18 O record LR04 Raymo, 2005a, 2005b] (Table 1 , Figure 2 ) applying the "Linage" subroutine of Analyseries 2.0.8 [Paillard et al., 1996] . Although a recent benthic δ
O global overview was compiled by Stern and Lisiecki [2014] , data coverage throughout the south Pacific sector of the Southern Ocean was absent, hindering their ability to evaluate the variability in the timing of the δ 18 O response [Stern and Lisiecki, 2014] . Therefore, our chronology used the δ 18 O record of Raymo [2005a, 2005b] . Our accepted calibrated AMS ages were used as additional tie points during this process.
In contrast, to determine the core top ages (0-4 cm), we used a linear extrapolation of the estimated Raymo, 2005a, 2005b ] (δ 18 O tuning LR04) applying Analyseries 2.0.8 [Paillard et al., 1996] . Core top ages (0-4 cm) were determined from a linear extrapolation of the estimated sedimentation rate at the top of the core. Additional information is provided in Appendix A (doi:10.4225/15/546C10AD26A7D). Figure 3 ).
SO136-111 Chronology
Details regarding the original age model of gravity core SO136-111 (56°40'S, 160°14'E, water depth 3912 m) have been provided elsewhere [Crosta et al., 2002 [Crosta et al., , 2004 . In this paper, we have revised the age model to duplicate the same chronostratigraphic process applied to E27-23. We have recalibrated the original 14 C dates [Crosta et al., 2004] using the CALIB07 software and Marine13 data set [Stuiver and Reimer, 1993; Reimer et al., 2013] at 95.4% confidence. Due to the more northerly location of SO136-111, a slightly lower surface water reservoir age of~623 years was derived from the marine radiocarbon reservoir correction database and applied to the calibration model (http://radiocarbon.LDEO.columbia.edu/) [Butzin et al., 2005] . The δ 18 O planktonic foraminifera record was tuned to the LR04 stack Raymo, 2005a, 2005b] using Analyseries 2.0.8, to provide additional tie points beyond the radiocarbon time frame. Thus, both calibrated 14 C and δ
18
O tie points (Appendix D: doi:10.4225/15/546C10AD26A7D) serve to provide a refined and comparable age model for SO136-111 (Figure 2) . We acknowledge that our preference for relying on the 14 C tie points over the δ 18 O tuning to the LR04 stack leads to a less than satisfactory match for the deglaciation records presented here in contrast to the longer time series that the core SO136-111 represents overall. However, we feel it is sounder to rely on the 14 C dates rather than planktonic δ 3. Results
Sea Ice Time Series Analysis
Based on the final ARIMA models fitted and the trends in sea ice concentration subsequently identified, we found that the full satellite record (32 years) can be used when computing average winter sea ice concentrations for the seafloor diatom assemblage samples located within the Indian Ocean, west Pacific Ocean, and the Weddell Sea sectors of the Southern Ocean. The calculations of winter sea ice averages were restricted to the year 1995 for the samples located within the Ross Sea (17 years), and to 2005 for samples within the Bellingshausen/Amundsen Sea sector (27 years) ( Table 2 ). The calibration assumes that the modern day satellite sea ice record is representative of the last 1000 years represented by each of the core tops within the Crosta et al. [2004] training database. The resultant winter sea ice data we use within our training data set accounts for the sector specific changes in sea ice cover, and is therefore more representative than the data set previously used [Crosta et al., 2004] .
Reconstruction Diagnostics
Two diatom species had higher-maximum abundances in core SO136-111 than within our training set, while six species had higher abundances within core E27-23 than in the training set. No species with poorly defined optima were abundant within either core. Of the 164 samples within core SO136-111, only one sample had no analog (at~201 kyr B.P.), while another eight samples had poor analogs ( A canonical correspondence analysis, constrained by wSIC, suggests that 31 samples (at~123-124, 115-121, 7, and 4 kyr B.P.) from core SO136-111 had a squared residual length that exceeded the 90th percentile for the squared residual lengths computed on the training set. Core E27-23 had 17 samples (at~10, 9.2, 7.5 and 4.6 kyr B.P.) exceeding the 90th percentile for the squared residual lengths computed on the training set.
Attributes of the wSIC Generalized Additive Models
We herein refer to the GAM used to estimate wSIC calculated from 13.25 years of satellite sea ice concentration data as GAM/WSI/13. We found Actinocyclus actinochilus, Fragilariopsis curta, Fragilariopsis cylindrus, and Thalassiosira lentiginosa to be statistically significant proxies for average wSIC computed from 13.25 years of data [Ferry et al., 2015] . The GAM fitted to the wSIC averages calculated from our Extended Time Series satellite record (herein referred to as GAM/WSI/ETS) used the same diatom proxies as GAM/WSI/13. Table 3 summarizes both of the GAM's fitted to our wSIC training data sets.
GAM Versus MAT Paleo Sea Ice Records
The paleo wSIC estimates provided by GAM/WSI/ETS (Figure 4a ) and GAM/WSI/13 ( Figure 4b ) are both consistent with each other, revealing an average estimate difference of 1.06% and never >10% concentration over the last 220 kyr B.P. (Figure 4c ). However, as GAM/WSI/ETS is likely to be more climatologically representative given the longer satellite record used to compute an average wSIC, we focus our discussion on the paleo wSIC estimates of GAM/WSI/ETS. GAM/WSI/ETS estimated consolidated winter sea ice at 191, 179, 176, and 171 kyr B.P., while MAT estimated an absence of sea ice (Figure 4d ). At 38, 37.5, 23, and 22 kyr B. P., over the eLGM, GAM/WSI/ETS suggests unconsolidated winter sea ice was present over SO136-111 while, similarly, MAT records an increase in monthly sea ice cover. During early MIS 3 (59 to 47 kyr B.P.) GAM/WSI/ETS suggests winter sea ice was absent while MAT estimates the presence of sea ice cover. Both MAT and GAM/WSI/ETS indicate sea ice coverage over the eLGM period, with GAM/WSI/ETS estimating occasional Figure 4a , the solid black square inside the x axis highlights no analog samples while the grey triangles highlight samples with poor analogs. All of the marine isotopic stages (1 to 7) are labeled with the glacial marine isotope stages shaded grey. (d) MAT paleo month/yr sea ice cover estimates from Crosta et al. [2004] (solid orange line) for SO136-111, contrasted against the wSIC estimates from GAM/WSI/ETS (solid blue line). Estimates of wSIC less than 15% to indicate no sea ice cover, 15 to 40% represent unconsolidated sea ice, while concentrations above 40% represent consolidated winter sea ice (all shown with dashed black horizontal lines) [Gloersen et al., 1992] . MAT estimates equal to or above an average of one month of sea ice coverage (shown by a solid grey horizontal line) per year are regarded as an indicator for the presence of sea ice.
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FERRY ET AL. PALEO SEA ICE OF THE SOUTHWEST PACIFICconsolidated winter sea ice coverage. During the ACR, only GAM/WSI/ETS suggests the winter sea ice edge was present over core SO136-111. Throughout the Holocene, GAM/WSI/ETS and MAT-based estimates indicated no sea ice cover. Henceforth, we interpret our results using GAM derived estimates primarily because the method provides a winter sea ice concentration value, which is of greater utility than estimates of average annual monthly sea ice cover for climate models. Second, we believe GAM is less biased by spatial autocorrelation, provided a better fit to our training data set, and has a stronger biological basis [Ferry et al., 2015] .
3.5. The Paleo Sea Ice Record 3.5.1. Paleo Sea Ice Record for Core SO136-111
The site of core SO136-111 generally records wSIC during glacial stages and an absence of winter sea ice during interglacials (Figure 4 and Appendix E: doi:10.4225/15/546C10AD26A7D). Consolidated wSIC seems to have been present between about 180 and 170 kyr B.P. during MIS 6, and may have been sporadically present in the later stages of MIS 3 and in MIS 2. Unconsolidated wSIC may have been briefly present for some intervals during MIS 5 at the site of core SO136-111 at 110, 87, 74, and 72 kyr B.P. From 59 to 47.7 kyr B.P., during the end of MIS 4 and early MIS 3, there was no winter sea ice coverage at the site of core SO136-111. Unconsolidated winter sea ice was estimated during the eLGM from 35 to 27 kyr B.P., and from 25.8 to 21 kyr B.P. An isolated increase in wSIC at 14.5 kyr B.P. corresponds with the ACR, after which (during the Holocene) no winter sea ice cover is estimated for the remainder of the core record. We acknowledge that the 95% confidence intervals for all estimates of unconsolidated and consolidated winter sea ice are large (Figures 4a and 4b) , which hinders our ability to confidently discriminate between consolidated and unconsolidated winter sea ice cover. The samples of core SO136-111 provided a continuous down core record of diatom fossils, suggesting the site of core SO136-111 was not covered by consolidated summer sea ice. a Each applied GAM differs according to the satellite sea ice database used to compute average sea ice concentrations for our 163 diatom relative abundance samples. The diatoms used in each of the final models as predictors for a given sea ice cover are listed along with their p values. Figure 5 . GAM/WSI/ETS model estimates of paleo winter sea ice concentration from core site E27-23. The blue line indicates the paleo wSIC% estimate, while the light blue shading corresponds to a 95% confidence interval. The dashed blue rectangle corresponds to the ACR. The solid black rectangles on the x axis highlight those core samples for which there were no analogs, while the grey triangles highlight those samples with poor analogs. All marine isotopic stages are labeled, with the glacial marine isotope stage 2, shaded grey.
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3.5.2. Paleo Sea Ice Record for Core E27-23 During MIS 3 and 2, E27-23 generally had a wSIC of between 20 and 50%, indicating sporadic consolidated winter sea ice cover. Consolidated Holocene winter sea ice may have reached the core site at 12.3 to 11.9 and 6.8 to 6.5 kyr B.P. Unconsolidated winter sea ice was estimated at 13.2, 10.5, 9.3, 7.8, 6.5, and 2.8 to 2.6, 1.9, and 1.5 kyr B.P. (Figure 5 , Appendix F: doi:10.4225/15/546C10AD26A7D). Again, the 95% confidence intervals for all estimates of unconsolidated and consolidated winter sea ice are large (Figure 5 ), hence we tentatively discriminate between consolidated and unconsolidated winter sea ice cover. As all of the samples from core E27-23 documented the presence of diatoms we conclude the core was never covered by consolidated summer sea ice.
Discussion
The Paleo Winter Sea Ice Records From Cores SO136-111 and E27-23
Our paleo estimates represent an expansion of unconsolidated winter sea ice to 56°S, south of the Tasman Sea, during glacial stages. Others have inferred that the expansion of winter sea ice was a factor in the oceanic fronts of the ACC and the STF migrating north [Neil et al., 2004; Martinson, 2012] , our work now provides the latitudinal evidence for increased winter sea ice coverage at the sites of E27-23 and SO136-111. Our discussion is initiated by focusing on the glacial and deglacial winter sea ice record from the southwest Pacific sector of the Southern Ocean, outlining the differences in reported sea ice advances from previous records originating in the Atlantic sector [Bianchi and Gersonde, 2004; Divine et al., 2010] . The remainder of our discussion is directed toward developing a regional synthesis for the southwest Pacific paleo winter sea ice record over the last 15 kyr B.P., representing sea ice advance during the ACR and the Holocene from the higher-resolution record provided by core E27-23. We link our paleo winter sea ice data with additional oceanographic, ice core, and terrestrial paleo proxy records to place our regional sea ice synthesis in context to hemispheric-scale climate change.
Glacial/Interglacial Variation in Winter Sea Ice Cover
The increase and associated decrease in wSIC between glacial and interglacial climates may be driven by oceanic and atmospheric changes. For instance, the intensity of the Antarctic Circumpolar Current (ACC) and westerly wind field may increase, while migrating to northern latitudes, during glacial stages [Shulmeister et al., 2004; Mazaud et al., 2010; Kohfeld et al., 2013] , which effectively expands the atmospheric polar cell, cools the ocean surface and facilitates sea ice expansion in the Southern Ocean [Putnam et al., 2010] .
Although the Campbell Plateau provides a bathymetric control on the ACC's position within the southwest Pacific [Neil et al., 2004] , it has been argued that the northern extension of paleo sea ice implies a release of the ACC from bathymetric control [Martinson, 2012] . Similarly, it has been suggested that the westerly winds migrated north during glacials [Neil et al., 2004; Putnam et al., 2010] however, the discrepancy between model and paleo data based inferences of past westerly wind intensity and latitudinal positioning remains unexplained [Kohfeld et al., 2013] . Our cores, E27-23 and SO136-111, clearly reveal that during glacial stages unconsolidated winter sea ice persisted out to 56°S in the Southern Ocean to the south of the Tasman Sea. These new results provide evidence to previous studies where the expansion of winter sea ice was implicated in the northerly migration of ACC fronts and the STF [Neil et al., 2004; Martinson, 2012] . Whether the fronts of the AAC could be, or were, mobile seasonally still remains unresolved.
The Deglacial and Antarctic Cold Reversal
The Antarctic Cold Reversal (ACR) refers to a period of climatic cooling between 14.5 and 12.5 kyr B.P., which interrupted the transition from the Last Glacial Maximum into deglacial conditions [Stenni et al., 2001; Divine et al., 2010] . The ACR has been previously identified from variations to ice rafted debris [Manoj et al., 2013; Weber et al., 2014] (Figures 6d and 6e ), δ 18 O data from the TALDICE ice core [Stenni et al., 2010] (Figure 6f ), opal flux records within the south Atlantic [Anderson et al., 2009] and from diatom assemblages within lake sediments of southern South America [Recasens et al., 2015] . Regionally, SST's south of Australia suggest cooling due to the decreasing influence of the Leeuwin Current at 14.5 and 11.8 kyr B.P. [De Deckker et al., 2012] ( Figure 6c ), while opal flux records from E27-23 declined during the ACR, corresponding with a plateau in atmospheric CO 2 , reduced upwelling and reduced sea surface temperatures [Anderson et al., 2009] . The record of Antarctic temperature and deuterium (δD) from EPICA Dome C [Parrenin et al., 2013] (Figures 6f  and 6h ) suggest temperatures declined during the ACR, while the sea salt flux from Dome C suggests the Paleoceanography 10.1002/2014PA002764 decline in sea ice extent throughout the Indian Ocean after the LGM halted during the ACR period [Röthlisberger et al., 2010] (Figure 6i ).
Our paleo estimates suggest winter sea ice cover increased within the southwest Pacific sector of the Southern Ocean over the sites of cores E27-23 and SO136-111 at 14.4 and 13.23 kyr B.P., respectively. A robust feature is the higher sea ice concentration estimated in the southern core (50% at 12.3 kyr B.P., for E27-23) Figure 6d and the Indian Ocean IRD record of Manoj et al. [2013] is shown in Figure 6e (brown lines). The TALDICE δ
18
O record from Stenni et al. [2010] is shown in Figure 6f (purple line). Figures 6g and 6h provide the record of δD from the EPICA Dome C ice core and Antarctic temperature change [Parrenin et al., 2013] . (i) Also shown is the EPICA Dome C log sea salt sodium (ssNa) flux proxy for sea ice extent throughout the Indian Ocean sector [Röthlisberger et al., 2010] . The Antarctic Ice Sheet Discharges (AID) first identified and described by Weber et al. [2014] are highlighted in light grey and labeled 1 through to 8. The Antarctic Cold Reversal, again as defined by Weber et al. [2014] , is labeled and outlined with a dashed grey rectangle.
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compared with the northern core (25% at 14.4 kyr B.P. for SO136-111). Yet the assumption of a constant radiocarbon reservoir age over time introduces a source of error into age models [Hendy et al., 2011; Cook and Keigwin, 2015] and therefore contributes to the chronological uncertainties of our age models. Hence, resolving the ACR signal within both core records appears difficult given the uncertainties surrounding the independent age models for each core. Due to chronological uncertainties and the inconsistent timing for wSIC increases between E27-23 and SO136-111, we tentatively suggest an expansion of wSIC during the ACR (14.4 and 13.23 kyr BP) may have occurred throughout the southwest Pacific (Figures 6a and 6b) . Our paleo winter sea ice estimates show that the sites of E27-23 and SO136-111 were both covered by unconsolidated winter sea ice during the interval covering previously estimated timings for the ACR in the Southern Ocean.
Interestingly, our paleo wSIC records for the southwest Pacific (cores SO136-111 and E27-23) contrast to those derived from the Atlantic sector of the Southern Ocean [Bianchi and Gersonde, 2004; Divine et al., 2010] (Figures 7d-7f ). While our sea ice records at the site of SO136-111 suggest sea ice cover during the ACR was greater than any time during the Holocene, ACR sea ice expansion within the Atlantic sector was no greater than estimated monthly sea ice cover during the early Holocene [Bianchi and Gersonde, 2004; Divine et al., 2010] . Such regional differences are perhaps not surprising since Holocene sea ice expansion within the south Atlantic may have resulted from a northern expansion and intensification of the Weddell Sea gyre circulation [Bianchi and Gersonde, 2004] , which subsequently increased the northward transport of sea ice [Divine et al., 2010] . 4.1.3. The Holocene wSIC Increases Estimated From Core E27-23 Millennial-scale Holocene paleo climatic changes have been identified south of Australia [Moros et al., 2009] , the west Antarctic Peninsula [Shevenell et al., 2011; Etourneau et al., 2013] , Palmer Deep [Shevenell and Kennett, 2002] , within both coastal and inland Antarctic ice cores [Masson et al., 2000] and from global paleo climatic records [Mayewski et al., 2004] . The Holocene millennial scale cooling identified by Shevenell and Kennett [2002] , Mayewski et al. [2004] , Shevenell et al. [2011] , and Etourneau et al. [2013] were attributed to short-term (and longer-term) variation in the intensity and/or latitudinal positioning of the westerly winds. For example, more southern and stronger westerly winds over the west Antarctic Peninsula bring more Circumpolar Deep Water (CDW) onto the shelf, warming sea surface temperatures and melting sea ice [Shevenell et al., 2011] . We acknowledge that our wSIC record for E27-23 does not have the necessary resolution to adequately discuss millennial winter sea ice variation. However, we feel it is possible that our Holocene paleo wSIC record, which documents unconsolidated (i.e., wSIC > 15%) wSIC roughly every 1 kyr, (Figure 6b ) could suggest southwestern Pacific sea ice cover may have increased during periods of climatic cooling identified by Masson et al. [2000] , Shevenell and Kennett [2002] , and Shevenell et al. [2011] .
Conclusions
We provide the first quantitative paleo winter sea ice estimates for marine sediment cores E27-23 and SO136-111, extending our paleoceanographic knowledge of the southwest Pacific sector of the Southern Ocean. To complement our refinement of the paleo sea ice record, we proposed and applied an extension of the available satellite record of sea ice concentration according to a time series analysis on 30 years of sea ice concentration data for each sector of the Southern Ocean.
During glacial stages unconsolidated winter sea ice was present at 54°S within the southwest Pacific sector of the Southern Ocean. The glacial winter sea ice expansion was concomitant with a northern migration of the ACC, PF, SAF, and/or STF. GAM-based paleo wSIC estimates suggest winter sea ice might have expanded during the ACR and Holocene within the currently open ocean region of the southwest Pacific sector of the Southern Ocean. The sea ice concentration increases documented during the ACR are consistent with a northern migration of regional oceanic fronts (PF, SAF, and STF), a northern migration of the ACC, and reduced influence of the Leeuwin Current to the south of Australia. The wSIC increases documented during the ACR, and the Holocene are consistent with theories suggesting a latitudinal shift and/or increase in the westerly wind field were the causal mechanisms for documented climatic changes. However, we cannot contribute any clarification regarding the controversial role potentially played by shifts in the positioning or intensity of the westerly wind field during past climatic shifts. At no stage did our cores record the existence of summer sea ice cover up to 56°S, and thus, a strong seasonal sea ice growth and retreat cycle has been maintained over cooling expansions for the last 15 kyr B.P. The influence on oceanic and atmospheric fronts as a result of such large seasonal differences cannot be determined here but should be considered in paleo modeling scenarios.
